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The magnetic investigations of potassium holmium double tungstate KHo(WO4)2 have been performed. The 
results of measurements of magnetic susceptibility and magnetization as a function of temperature (T from 0.3 K 
up to 100 K) and magnetic field (up to 1.5 T) are presented. A strong anisotropy of magnetic properties was 
found. The magnetic measurements data were used to calculate the interaction energy. It was shown that the inte-
ractions between nearest neighbors Ho3+ ions have antiferromagnetic character. 
PACS: 75.30.Gw Magnetic anisotropy; 
75.30.Cr Magnetic susceptibility; 
75.10.Dg Crystal-field theory and spin Hamiltonians. 
Keywords: rare earth double tungstate, magnetic susceptibility, magnetization, anisotropy. 
 
 
1. Introduction 
The most extensively studied rare-earth (RE) double 
tungstates are crystals containing Dy and Er, in which the 
lowest energy levels are Kramer’s doublets. The magne-
tism of RE double tungstates results from competition be-
tween spin–spin, dipole–dipole and magnetoelastic interac-
tions. A very low temperature phase transition to 
antiferromagnetic (AF) state is the characteristic property 
of these low-symmetry systems and indicates that the ex-
change interactions are weak. For example, the Néel tem-
perature TN is equal to 0.6, 0.7, 0.82 and 0.85 K for 
KDy(WO4)2, KTb(WO4)2, RbDy(WO4)2 and KEr(WO4)2, 
respectively [1–3]. 
Mainly, the optical properties were studied for the 
double tungstates doped with holmium. So far, in the 
double tungstates KLu(WO4)2 and KGd(WO4)2 doped with 
holmium ions the laser emission was observed [4,5]. The 
results of spectroscopic studies of KHo(WO4)2, KLu(WO4)2 
and KGd(WO4)2:Ho
3+ were presented in Refs. 6–8. 
In the KHo(WO4)2 crystals under influence of the low 
symmetry crystal field all the energy levels of the Ho3+ 
ions are singlets, in contrary to Dy3+, Er3+ and Nd3+ ions, 
where energy levels are dublets in the same low symmetry 
crystal field [9]. 
It should be noted that magnetic properties of the 
KHo(WO4)2 crystal have been studied very rarely. There is 
only one paper [10], which describes the magnetic experi-
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mental results obtained along the crystallographic axes of 
potassium holmium double tungstate. 
In this paper, the results of magnetic measurements and 
theoretical description of potassium-holmium double tung-
state are presented. As a result, the peculiarities of mag-
netic behavior of KHo(WO4)2 are determined. 
2. Experimental 
Magnetic properties of KHo(WO4)2 compound were 
investigated in the range of temperatures between 0.5 and 
140 K in magnetic fields up to 2 T by means of a vibrating 
magnetometer method. Temperature dependences of prin-
cipal values of a magnetic susceptibility was measured in a 
temperature range 0.5–100 K. Temperatures down to 1.8 K 
were obtained by pumping of He4, and even lower temper-
atures down to 0.5 K by pumping of He3. 
The magnetization measurements for the KHo(WO4)2 
double tungstate along the magnetic axes x, y and z have 
been carried out using the vibrating sample magnetometer 
(PAR Model 4500) over the temperature range 5–60 K and 
in magnetic field up to 1.5 T. An angular dependences of 
magnetization allow to determine the magnetic x, y, z axes, 
among which the y axis coincides with the crystalline b 
axis and the x and z axes lay in the ac plane. The magnetic 
z and x axes correspond to the directions of maximal and 
minimal values of magnetization in ac plane, respectively. 
The angle between the c and z axes is of 15° and the a axis 
is set at an angle of 55° to the x axis. 
3. Magnetic properties of singlet magnet KHo(WO4)2 
The temperature dependences of differential magnetic 
susceptibility and magnetization are presented in Figs. 1–3. 
The anisotropy of susceptibility was observed over the 
whole temperature interval. The presence of a strong aniso-
tropy is confirmed by the magnetization data and is due to 
the influence of a low symmetry crystalline field acting on 
the Ho3+ ions. In magnets with energy singlets, an unusual 
magnetic behavior is expected and it is difficult to predict 
the characteristics of magnetic ordering. The criterion for 
the appearance of a magnetically ordered state in these 
materials within two-level singlet–singlet approximation is 
the fulfillment of the relation I > δ , where I is the ex-
change integral and δ is the energy gap. In KHo(WO4)2, 
the distance between the two lowest singlets and higher 
energy levels exceeds by far δ. Both the magnetic suscep-
tibility and magnetization do not demonstrate any magnetic 
ordering for temperature higher than 1.5 K. This suggests 
that the condition |I| > δ is not fulfilled. At ~ 20T  K, the 
lines, which describe temperature dependences of suscep-
tibility along the a and c directions, change the angle of 
inclination. This may be connected with structural phase 
transition at T = 5.5 K [11]. 
The temperature dependences of the magnetic suscepti-
bility along the x, y and z directions (Figs. 1–3) were ana-
lyzed in temperature interval from 20 to 130 K. The fitting 
for experimental points was made using a modified Curie–
Weiss law: 
 0
i
i i
i
C
T
χ = χ + − θ . (1) 
The following values for background susceptibility χ0i 
are of 0.0562, –0.0196 and 0.0759 emu/(mol) along the x, y 
and z axes, respectively, were obtained. The Curie con-
stants Ci are equal to 0.996, 30.2 and 19.9 emu·K/mol and 
the paramagnetic Curie temperatures θi have values of 
6.95, –5.91 and –16.32 K along the x, y and z directions, 
respectively. 
The effective numbers of Bohr magneton 
2
3 B i
i
B A
k C
n
N
= μ  
are equal to 2.82, 15.55 and 12.62 along the x, y and z di-
rections, respectively, where kB is the Boltzmann constant, 
Bμ  is the Bohr magneton, and NA is the Avogadro num-
ber. The ground state of free Ho3+ ion is 5I8. In this case, 
the quantum theory gives ni = 10.6 at J = 8, where J is the 
total angular momentum. 
4. Theoretical models 
The magnetic susceptibility χi(T) was analysed in the 
frame of the Heisenberg model with crystal field Hamilto-
nian [12]: 
 cr
1ˆ ˆ
2
i
ij i j J B i
i i j i
H H J g
≠
= − + μ∑ ∑ ∑J J H J , (2) 
where J and H are the vectors of total angular moment and 
applied magnetic field, respectively, gJ the Landé factor 
Fig. 1. Temperature dependence of the magnetic susceptibility
and inverse magnetic susceptibility (inset) compared with Curie–
Weiss law dependence (lines) for the x direction in magnetic field
of 0.1 T in temperature range of 0.6–100 K. The high temperature
fitting dependences is described by Eq. (1). 
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and Jij the indirect exchange between nearest neighbours. 
Crystal field part of Hamiltonian (2) crˆ
iH  is written as  
 
6
cr
2 0
ˆ ( )
k
q qk k
q qk k
k q
H B O S
= =
= + Ω∑ ∑ , (3) 
where the site dependence of operators was excluded for 
simplicity. The mnO  and 
m
nΩ  operators are expressed as a 
sum of Stevens operators ( )qkO J
±  
 
1 ( ),
2
1 ( ).
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m m m
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m m m
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O O O
O O
i
+ −
+ −
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 (4) 
For the C2 symmetry of Ho
3+ site crHˆ  involves 15 non-
zero crystal field parameters because for the z-axis parallel 
to the C2 axis the crystal field parameters with the odd q 
are equal to zero. Following to Ref. 12 we shall restrict 
consideration only to second order crystal field parameters 
since higher order terms give no contribution to the high 
temperature magnetic susceptibility χα(T). 
Generally 
 ( ) 11 0 −−α αχ = χ −λ , α = x, y, z,  (5) 
where 2 2
2 (0)
J B
J
g
λ = μ  
and 1(0)
2 ij
J J= λ . For high temperature 
approximation 
 0 1 2 2
cr
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T
g J J T
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α
χ = μ + + θ
. (6) 
The paramagnetic Curie temperature θα consists of two 
contribution [12]: 
 
2 2
cr 72 .
3
J Bgα α
λ μθ = θ +  (7) 
It may be shown that 2 22 2S Ω  term gives no contribution to 
0αχ , therefore [12]: 
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 (8) 
The first and second terms in Eq. (8) are due to crystal 
field and exchange interactions, respectively. Since [12], 
 144 (0)x y z Jθ + θ + θ =  (9) 
one can determine the isotropic exchange parameter J(0) 
using the measured values of the paramagnetic Curie tem-
perature. The experiment gives 15.27 Kx y zθ + θ + θ = − . 
Using Eq. (9) we have J(0) = – 0.106 K. Then the crystal 
field parameters (see Eq. (7)) are equal to 02B =  0.014 K 
and 22B =  – 0.408 K. 
The results of fitting to the Curie–Weiss law along 
the z direction is displayed in Fig. 3. The values of both 
the paramagnetic Curie temperature and the Curie con-
stant change below 20 K, namely, θc = –2.61 K, Cc = 
= 14.72 emu·K/mol. 
Unlike the χy(T) dependence along the y axis (Fig. 2), 
the temperature dependence of magnetic susceptibility 
along z axis deviates from the Curie–Weiss behavior in the 
low temperature region (from 0 to 3 K) (Fig. 3), and above 
expressions for χα can not be used. In this case, all 15 non-
zero crystal field parameters should be taken into account. 
In the case of both low symmetry crystal field and non-
Kramers ions, the magnetic susceptibility can be calculated 
in a frame of the singlet–singlet approximation. This is in 
contrast to the optical and specific heat data and suggests 
Fig. 2. Temperature dependence of the magnetic susceptibility 
and inverse magnetic susceptibility (inset) compared with Curie–
Weiss law dependence (lines) for the y direction in magnetic field 
of 0.1 T in temperature range of 0.6–100 K. The high temperature 
fitting dependences is described by Eq. (1). 
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Fig. 3. Temperature dependence of the magnetic susceptibility 
and inverse magnetic susceptibility (inset) compared with Curie–
Weiss law dependence (lines) for the z direction in magnetic field 
of 0.1 T in temperature range of 0.6–100 K. The high temperature 
fitting dependences is described by Eq. (1). 
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that the two lowest singlets in KHo(WO4)2 are not isolated 
from other crystal field levels. Such situation was observed 
for KHo(WO4)2 and for Ho
3+ ion in KGd(WO4)2 [6,8]. 
To describe the low temperature behavior of magnetic 
susceptibility χα(T) we consider the singlet–singlet–singlet 
model. Apparently, this model should be more exact at 
temperatures up to 3.5 K since the energy area of the three 
lower levels of the holmium ion does not exceed 11 cm–1 
[6]. Also, we can not exclude an influence of the indirect 
exchange of the rare earth ions on location of these sin-
glets. The problem is quite similar to one to be considered 
by Moriya [13] for the system with competing single ion 
anisotropy, rhombic distortion and indirect exchange. One 
can use an effective spin of this system S = 1. The most 
general form of the effective spin Hamiltonian with C2 
symmetry may be written as: 
 
3
2 2 2ˆ ( ) ( ) ( ) .
2
z x y i
B i i
i
H D S S S g H SΔ ⎡ ⎤= − + − −μ⎣ ⎦ ∑ (10) 
In the absence of the applied field with D < 0 and Δ/2 < 0 
the energy levels may be presented in series as: 
 0 10, 2
D Δε = ε = −  and 2ε = −Δ . (11) 
The longitudinal susceptibility (along the z axis) has the 
form 
 
2 2
||
||
||
( )
( )
1 2 (0) ( )
c
B z A
c
B z
Tg NT
k J T
φμχ = − φ , (12) 
where the generalized susceptibility || ( )
c Tφ is equal: 
 ||
2 1 exp ( )
1 exp ( ) exp 
2
c
D
− −βΔφ = Δ ⎛ Δ ⎞⎛ ⎞+ −βΔ + −β +⎜ ⎟⎜ ⎟⎝ ⎠⎝ ⎠
. (13) 
Here β = 1/T. Similarly, for transversal susceptibility (easy 
plane) we have 
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1 2 (0) ( )
c
B x A
c
B x
g N T
T
k J T
⊥⊥
⊥
μ φχ = − φ , (14) 
where the generalized susceptibility ( )c T⊥φ is equal: 
exp ( ) exp
22( ) .
1 exp ( ) exp
2 2
c
D
T
D D
⊥
⎛ Δ ⎞⎛ ⎞−βΔ − −β +⎜ ⎟⎜ ⎟⎝ ⎠⎝ ⎠φ = Δ⎛ ⎞ ⎛ Δ ⎞⎛ ⎞− + −βΔ + −β +⎜ ⎟ ⎜ ⎟⎜ ⎟⎝ ⎠ ⎝ ⎠⎝ ⎠
 (15) 
In the geometry of an “easy” plane (D < 0) at zero rhombic 
distortion Δ = 0, the criterion of Moriya [9] is realized: at 
D/J(0) < – 4 the magnetic ordering in system is absent. In 
Fig. 4 the Curie temperature TC as function of D (in J(0) 
units) is presented (see curve 1). One can see a realization 
of Moriya’s criterion for singlet model. For Δ ≠ 0, the situ-
ation is more complicated. For the negative ∆, the Curie 
temperature deviates from Moriya dependences and at 
large module Δ values the magnetic order is destroyed al-
ready at small module D in contrast with Moriya prediction 
(see curve 1 in Fig. 4). Probably, such a situation is rea-
lized in KHo(WO4)2. 
The temperature dependences of the magnetic suscepti-
bility and fitting curves using Eqs. (12) and (14) of the 
three magnetic axes are presented in Figs. 5. and 6. The 
inset of Fig. 5 present these dependences at low tempera-
tures. The anisotropy of the magnetic susceptibility was 
observed over the whole temperature interval. Indeed, in 
Fig. 4. The Curie temperature TC as a function of D (in J(0) 
units) is presented. The dot line (1) conforms isotropic Moriya 
model (∆ = 0), dash-dot line (2) and dash line (3) present de-
pendence TC for case ∆ ≠ 0 of the following parameters: 
D/|Jy(0)| = –0.33 and ∆/|Jy(0)| = –2.17, or D/|Jz(0)| = –2.47 and 
∆/|Jz(0)| = –16.42. The solid line (4) shows the dependence for 
the value parameter D/|Jz(0)| = –2.47. 
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Fig. 5. Temperature dependence of the magnetic susceptibility χi
(points) and low temperature fitting (line) for the transversal sus-
ceptibility along the y and z directions in temperature range of 
0.6–100 K. In the inset, the temperature dependence of the mag-
netic susceptibility χi (points) and the best fit in temperature 
range of 0.6–3 K are presented. 
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Fig. 5 the fitting curve using Eq. (14) to experimental tem-
perature dependence of the magnetic susceptibility along 
the y and z axes is presented. We obtain a good correspon-
dence between the experiment and theory in a wide tem-
perature interval. The results suggest an easy plane type 
magnetic anisotropy since   –1.41 K  0D= <  and a big rhom-
bic distortion in easy plane: Δ = –9.362 K. Within the easy 
plane we have the values of the exchange parameter 
Jy(0) = – 4.3 K and Jz(0) = – 0.57 K, a large g-factor equal 
16.95 and 10.9, respectively, for the y and z axes. In accor-
dance with Eq. (10) at Hi = 0, we obtain energy levels at 0, 
2.43 and 6.88 cm–1. From this result one can conclude that 
not only parameters 02B
 and 22B
 determine the energy le-
vels of the Hamiltonian (2). 
The axis x is supposed to be along the hard direction. 
The small value of the susceptibility χx does not allow to 
make an exact fitting along this direction. In Fig. 6 the fit-
ting curve (12) to experimental temperature dependence of 
the susceptibility along z axis is presented. The error of the 
fitting is high and reach about 30%. 
Now we can consider the possibility of the absence of 
magnetic ordering in KHo(WO4)2. Then we have follow-
ing relations D/|Jy(0)| = – 0.33, ∆/|Jy(0)| = – 2.17, D/|Jz(0)| = 
= – 2.47, ∆/|Jz(0)| = – 16.42. For this parameters the theo-
retical dependences TC/J(0) from D/⏐Ji(0)⏐ in Fig. 4 was 
calculated. The Moriya model was developed for isotropic 
model. For KHo(WO4)2 single crystal anisotropic magnet-
ic properties were observed and this results in various ex-
change parameters. Two theoretical dependences TC/J(0) 
were shown in Fig. 4. The curve for the y direction sug-
gests TC less then 7.8 K and for the z direction TC smaller 
0.23 K. From Fig. 4 we can see that for D/|Ji(0)| > –3.7 and 
the magnetic ordering in system is absent. For KHo(WO4)2 
we obtain D/|Jz(0)| = – 2.47 > – 3.7, i.e., magnetic order-
ing does not appear. The D/|J(0)| is close to the critical 
value –3.7. In this situation the applied magnetic field can 
induce various magnetic phase transitions depending on a 
geometry when the field will compete with anisotropy and 
exchange. 
These results coincide with the results of the neutron 
scattering research, in which the spontaneous magnetic 
phase transition was not observed up to 37 mK [14,15]. 
However, the neutron investigations show an existence of 
the induced magnetic phase transition. At least one antifer-
romagnetic component exists at field H = 0.1 T, but the 
complex of magnetic phase transition with antiferro-
ferromagnetic character was observed at H = 1 T [14,15]. 
The M(H) dependences for the x and y axes are typical 
for paramagnetic materials. We want to attract attention on 
the behavior of magnetic field dependence of magnetiza-
tion along the z axis. It is necessary to stress that experi-
mental M(H) curves demonstrate an unusual hysteresis 
without coercive force and remanence magnetization [10]. 
5. Conclusion 
Summarizing, the parameter of exchange interactions 
between nearest neighbors Ho3+ ions was estimated. The 
negative sign of exchange parameter indicates on antifer-
romagnetic character of the exchange interaction. A rea-
sonable agreement between experimental and calculated 
values of energy level splitting of the lowest singlets was 
obtained. The D/|J(0)| is close to the critical value –3.7 and 
in this situation the applied magnetic field can induce dif-
ferent magnetic phases depending on a geometry. The field 
competes in this case with anisotropy and exchange inte-
raction. This fact can interpret anomalous behavior of the 
magnetic susceptibility at 0.6 K. 
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